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While most studies of rubisco activation and RuBP levels are interpreted in terms of either light or CO2 limitations, Walker and Herold (30) pointed out that TPU could also limit the rate of photosynthesis. Recent studies (22) (23) (24) (25) (26) have related the phenomenon of 02 insensitive photosynthesis in C3 plants to a TPU limitation of photosynthesis. This can be observed consistently under conditions of high light intensity and high partial pressure of CO2 (500 ,ubar internal). When the partial pressure of 02 iS lowered from 180 to 20 mbar there is often little or no change in net CO2 uptake even though there is a substantial reduction in photorespiration (12, 24) . It has been suggested that the expected increase in CO2 assimilation does not occur because the capacity to use triose-P in starch and sucrose synthesis is lower than the potential rate of triose-P production. This causes a feedback inhibition of the photosynthetic carbon reduction cycle. The RuBP level is high under conditions which cause 02 insensitivity (25) , indicating that regulation of rubisco activity may also be important in TPU limited photosynthesis.
We have investigated the regulation of rubisco activity in Phaseolus vulgaris under conditions which caused 02 insensitivity and under conditions of limiting light. We found that rubisco activation state varied with changes in partial pressure of 02 sufficient to account for 02 insensitivity.
We have also considered the mechanism of control of activation in Phaseolus. There are two known mechanisms of regulation of rubisco activity: C02-Mg2' activation (15) and a light modulated inhibitor ofrubisco (20, 21) which is apparently found in many species (29) , including P. vulgaris. When the catalytic site of rubisco does not have both CO2 and Mg2' bound to it is catalytically incompetent (14) ; therefore activation state regulation affects the apparent Vmcu of rubisco. Sites which have the inhibitor bound to them are catalytically incompetent; therefore, the inhibitor also affects the apparent Vm=. of rubisco. The regulation of rubisco activity in high light was accomplished by the C02-Mg2+ activation mechanism while in low light the inhibitor of rubisco regulated rubisco activity. This 'total' activity (representing the maximum activable activity of rubisco) was divided into the initial activity to arrive at the percent activation which is reported in this paper.
Rubisco activity was assayed as described in Seemann et al. (18) and described briefly here. RuBP was generated 15 min prior to the assay in the assay buffer (100 mm Bicine, pH 8.2, 20 mM MgCl2, 1 mM EDTA) using phosphoriboisomerase (6 units/ ml; Sigma, from yeast), phosphoribulokinase (free of rubisco activity, 2 units/ml), 2 mM ATP (Sigma), and 1.5 mm ribose 5-P (Sigma). NaH'4CO3 (0.8 Ci/mol) (Amersham) was 15 mM in the assay. Assays (final volume = 0.5 ml) were started by the addition of extract and stopped with 0.3 ml of 2 N HCI. Acid stable '4C was determined by liquid scintillation counting.
The concentration of rubisco was determined by radiolabeling each catalytic site of the enzyme with ['4C]CABP and precipitation of the enzyme-CABP complex with antibodies, as described by Collatz et al. (2) and Evans and Seemann (4 (Table I) and the activation state of rubisco was nearly the same as in 180 (Table III) .
Regulation of Rubisco in Response to Light. We tested the role of activation state of rubisco by measuring samples freeze clamped after 20 min in darkness, 20 min in 100 ,mol photons m-2 s-I or 20 min in 1000 'mol m-2 s-'. Leaves in darkness had greater than 100% activation but very low activity (Table IV) , a condition which occurs when the inhibitor of rubisco is present (20) . In 100 ,umol mM2 s-' the activation state was only slightly lower than in 1000 ,umol m-2 s-'. The effect of light on the proportion of inhibitor free sites was greater than its effect on activation state.
DISCUSSION
The C02-Mg2e activation of rubisco varied sufficiently to account for a constant rate of photosynthetic CO2 assimilation with changing 02 under TPU limited conditions. These results confirm the prediction made by Sharkey (23) that rubisco deactivation is the mechanism by which net photosynthetic CO2 assimilation in C3 plants becomes 02 insensitive. The lightdependent inhibitor recently described by Seemann et al. (20) and Servaites (21) accounted for the bulk of the regulation of rubisco in response to light in Phaseolus but appeared to play no role in the regulation of rubisco under conditions of TPU limitation.
Speculation on the Limitation which Causes 02 Insensitivity.
Feeding deoxyglucose caused both the RuBP pool size and rubisco activation state to be lower than in control leaves. Deoxyglucose inhibits photosynthesis by sequestering Pi in the cytosol, making it unavailable for photosynthesis (l1). Since feeding deoxyglucose also leads to 02 insensitivity (8) , low Pi availability has been postulated to be the cause of02 insensitivity (25) . Chloroplasts photosynthesizing in a medium containing low Pi exhibit higher RuBP levels and lower rubisco activation states than control chloroplasts (9) just as observed for leaves in low 02 in the present study. While the level of Pi inside chloroplasts from leaves exhibiting 02 insensitivity has not been measured, low ATP/ADP ratios in such leaves have been measured (26) . It has been hypothesized that Pi levels fall when triose-P are not used as fast as produced (24) and so Pi is not released during sucrose synthesis as fast as required. This form offeedback inhibition of photosynthesis was predicted by Herold (10) . The results presented here indicate that the mechanism of this feedback is deactivation of rubisco rather than substrate limitation of the rubisco reaction.
The steps leading from TPU limitation to rubisco deactivation may be as follows. Lack of availability of Pi leads to a low ATP level which causes the PGA pool to increase because of inhibited PGA reduction. Since PGA is an acid, for every PGA produced, one H+ is also produced (assuming a pH near 8 inside the chloroplast). This H+ is normally consumed during the reduction of PGA to triose-P but without sufficient ATP, the PGA and the H+ will build up. This buildup can be as great as 200 nmol mg-' Chl inside the chloroplast (26) . The lowered stromal pH would then affect key regulatory enzymes of the photosynthetic carbon reduction cycle. Rubisco is deactivated by low pH (1 5) and Ru5P kinase is strongly inhibited by PGA2-making PGA a potent inhibitor at low pH (7). In addition both stromal bisphosphatases are directly inhibited by low pH (3, 6) . While any other regulatory mechanisms are important, especially in the regulation of the bisphosphatases, this single point of regulation by pH would affect all parts of the cycle in a coordinated manner.
Under low light it is believed that the total level of rubisco does not limit the rate of photosynthesis but that the ATP supply is the primary limiting factor (23) . Under 02-insensitive conditions ATP supply is also suspected to limit photosynthesis. We propose that when photosynthesis is limited by ATP supply, the apparent Vm,, of rubisco is reduced and so the RuBP pool may not decline. Therefore, the reduction of rubisco activity is a symptom oflimited capacity for ATP generation caused by either 
